The balance and interplay between sexual and asexual reproduction is one of the most 16 attractive mysteries in fungi. The choice of developmental strategy reflects the ability of 17 fungi to adapt to the changing environment. However, the evolution of developmental paths 18 and the metabolic regulation during differentiation and morphogenesis are poorly understood. 19 Here, we monitor the carbohydrate metabolism and gene expression regulation during the 20 early differentiation process from the "fungal stem cell", vegetative mycelium, to the highly 21 differentiated tissue/cells, fruiting body, oidia or sclerotia, of a homokaryotic fruiting 22 Coprinopsis cinerea strain A43mut B43mut pab1-1 #326, uncovering the systematic changes 23 during morphogenesis and the evolutionary process of developmental strategies. Conversion 24 between glucose and glycogen and conversion between glucose and beta-glucan are the main 25 carbon flows in the differentiation processes. Genes related to carbohydrate transport and 26 metabolism are significantly differentially expressed among paths. RNA editing, a novel 27 layer of gene expression regulation, occurs in all four developmental paths and enriched in 28 cytoskeleton and carbohydrate metabolic genes. It is developmentally regulated and 29 evolutionarily conserved in basidiomycetes. Evolutionary transcriptomic analysis on four 30 developmental paths showed that all transcriptomes are under purifying selection, and the 31 more stressful the environment, the younger the transcriptome age. Oidiation has the lowest 32 value of transcriptome age index (TAI) and transcriptome divergence index (TDI), while 33 fruiting process has the highest of both indexes. These findings provide new insight to the 34 regulations of carbon metabolism and gene expressions during fungal developmental paths 35 differentiation. 36 37 3 Importance 38 Fungi is a group of species with high diversity and plays essential roles to the ecosystem. The 39 life cycle of fungi is complex in structure and delicate in function. Choice of developmental 40 strategies and internal changes within the organism are both important for the fungus to fulfill 41 their ecological functions, reflecting the relationship between environment and the 42 population. This study put the developmental process of vegetative growth, sexual and 43 asexual reproduction, resistant structure formation of a classical model basidiomycetes 44 fungus, C. cinerea, together for the first time to view the developmental paths differentiation 45 process with physiology, transcriptomics and evolutionary prospects. Carbohydrate assays 46 and RNA-seq showed the changes of the fungus. Our results fill the gaps on gene expression 47 regulation during the early stage of developmental paths differentiation, and expand our 48 understanding of the evolutionary process of life history and reproductive strategy in fungi. 49 Keywords 50 Developmental paths, carbon metabolic flux, transcriptome, RNA editing, 51 phylotranscriptomic 52 53 4 Introduction 54 The life cycle of fungi is one of the most delicate and mysterious development blueprints in 55 the living world. Basidiomycetes, a group of advanced fungi, could diverge themselves into 56 different developmental paths under specific environment (1-3). Triggering by the changes of 57 environmental and internal physiological conditions, organism undergoes particular path and 58 reaches the developmental destiny of forming asexual spores (oidia), sexual spores (basidia), 59 monocellular or multicellular resting structures (chlamydospores and sclerotia) (4-7).
8
Carbon metabolic flux differs among developmental paths 141 To evaluate the carbon metabolic flux in C. cinerea, cultures of four developmental paths 142 were sampled on two time points, developing colonies (marked as a) or developed colonies 143 (marked as b), with 5 biological replicates (Fig. 1) . Neither hyphal knot nor sclerotia can be 144 found on the developing colonies (time point a). Each sugar content was determined using 145 chemical assays and measured by dry weight. Different types of carbohydrate were 146 accumulated along the developmental paths ( Fig. 2 and Table S1 ). During the vegetative 147 growth process, glycogen was strongly accumulated to approx. 400 mg/g (dry weight, same 148 below) in the hyphae and broken down when the colony was matured and shifted to the 149 reproductive growth, reflecting the storage function of glycogen in fungal development. For 150 vegetative mycelium, glucose content increased as colony grown and reached the peak of 151 266.16 ± 33.34 mg/g in fully grown mycelium. Mature colonies contain 1.5 times more beta-152 glucan than the growing ones. On the contrary, during oidiation, glucose content remains 153 relatively constant at below 200 mg/g. Beta-glucan content was 100 ~ 150 mg/g less in oidia 154 than vegetative mycelium. Moreover, the amount of total sugar was also less in oidia-forming 155 colonies (60-70 % of dry weight) than vegetative growth colonies (75-85 % of dry weight), 156 suggesting that more non-sugar compounds, such as proteins and lipids, are produced during 157 oidiation. Sugars, proteins and lipids that are synthesized in hyphae could be transferred and 158 stored in oidia, preparing for the rapid germination in the surrounding favorable sediment. 159 As nutrients in the sediment deplete, the colony turns to develop sexual reproductive 160 structures or persistent resting structures according to the temperature and illumination. Being 161 induced by low temperature and 12 h:12 h light-dark cycle, colonies with fully grown 162 9 mycelia entered the sexual reproductive path and formed hyphal knots. During the transition, 163 glucose content dropped down while glycogen content slightly increased. Beta-glucan took 164 up more than one third of dry weight in the fruiting colony. When the colony is trapped in 165 high temperature and dark environment, sclerotia are developed as persistent resting 166 structure. Compare to vegetative mycelium, contents of monosaccharide, disaccharide and 167 glycogen continuously dropped down in sclerotia, beta-glucan accumulated and took up over 168 50 % of the dry weight. In sclerotia, beta-glucan not only function as structuring constituent, 169 but also the main type for carbon storage.
170

Transcriptome analysis on developmental paths differentiation 171
To figure out the black box behind the carbon metabolic flux in developmental paths 172 differentiation, we studied the transcriptome of oidia and sclerotia formation process in C. 173 cinerea for the first time, together with the fruiting process. Samples of developing colonies 174 (time point a) were selected for RNA extraction, and RNA-seq was performed in biological 175 triplicates. Sample and data quality were listed in supplementary method (text S1). Pearson's 176 correlation r 2 value for replicates were between 0.9615 to 0.9883 ( Fig. 3a) , and Spearman's 177 correlation ρ 2 value were range from 0.9661 to 0.9841 ( Fig. 3b ). Among these developmental 178 paths, oidia showed the highest similarity to mycelium, and other paths were strongly 179 different from each other.
180
In this study, 10082 genes were detected to have expression in at least one developmental 181 path, all of them can be matched with gene ID from strain Okayama-7 for further analysis (8, 182 9). Taking gene expression levels in vegetative mycelium as references, 3962 differentially 183 expressed genes (DEGs) were detected in other three paths and assigned to 6 groups (3 paths 184 10 with up-/down-regulation). Hyphal knot and sclerotia possessed larger amount of DEGs, with 185 1142 and 2065 up-regulated genes and 1011 and 1009 down-regulated genes, respectively 186 ( Fig. 3c ). In oidia, only 175 genes were up-regulated, while 460 genes were down-regulated. 187 76 up-regulated and 171 down-regulated genes were shared by other three paths ( Fig. 3d ).
188
Most DEGs displayed the fold change within 1/30 to 30 ( Fig. 3e ).
189
Metabolic-related genes are differentially expressed in different developmental paths 190 To have a closer look on the transition of expression profiles in the developmental process, To understand the transcriptome of developmental paths differentiation with evolutionary 243 perspectives, we used transcriptome age index (TAI) and transcriptome divergence index 244 (TDI) to estimate the evolutionary age and selective pressure of each developmental path 245 (46-48). TAI and TDI was calculated based on either phylostrata (PS) or dN/dS ratio, and 246 expression level of genes; the lower the TAI, the evolutionarily older the transcriptome; the 247 lower the TDI with value less than 1, the stronger the force of purifying selection (48). The 248 distributions of PS and dN/dS ratio of expressed genes in this study are shown in Fig. S6 . We 249 figured out that oidiation process expresses the evolutionarily oldest genes, next comes 250 13 sclerotia, and vegetative mycelium and hyphal knot express the evolutionarily younger genes.
251
All four developmental paths suffer from the strong selection force on the transcriptome.
252
Oidia transcriptome emitted the strongest signal of purifying selection, and hyphal knot 253 showed the weakest (Fig. 6a ). Thus, oidia is the most conserved developmental path and 254 fruiting process is evolutionarily young and divergent.
255
Among the ten phylostrata, PS 1-2 are defined as old genes and PS 3-10 are defined as young 256 genes (48). Genes in PS 1-2 are in charge of basic cellular functions of eukaryotic cells.
257
Intermediate phylostrata (PS 3-9) correspond to the divergence from fungi to Agaricales 258 (gilled mushroom). Those genes mainly function on signal transduction and developmental 259 regulation, and they involve in the extracellular structure formation, defense, transcription,
260
RNA processing and modification, carbohydrate transportation and metabolism processes 261 ( Fig. S5) .
262
Protein coding genes that first emerged in domain Eukaryota (PS 2), Fungi (PS 3) and C. 263 cinerea (PS 10) contributed most to the TAI profile ( Fig. 6b ). Among four developmental 264 paths, oidia had high expression level of old genes (PS 1 and PS 2) and young gene group PS 265 3 and PS 5, but low expression level of other younger genes of PS 6-10 ( Fig. 6c ). On the 266 contrary, hyphal knot displayed high expression level on PS 5-9, the gilled mushroom-267 specific genes, but low expression level in PS 1-3. Vegetative mycelium had high expression 268 level of PS 9-10. Genes from these two phylostrata are Agaricales-specific or C. cinerea 269 unique genes. These young genes display the functional enrichment on defense and 270 carbohydrate binding. In sclerotia, most of the metabolic processes slowed down under stress.
271
Sclerotia got the lowest expression level of old genes and relatively lower expression level of 272 14 young genes. The highest expression ratio of old genes to young genes occurred in oidia, 273 followed by mycelium and hyphal knot, and sclerotia had the lowest ratio of zero ( Fig. 6d ).
274
Interestingly, such ranking coincided with the evaluation on growing environment, from the 275 most temperate to the most stressful. All these results indicate that oidiation, the asexual 276 reproductive process, is generated from the common ancestor of eukaryota and conserved in 277 current living organisms; while fruiting, the sexual reproductive process, is highly specific 278 and evolutionarily adaptive.
279
RNA editing events happened in all developmental paths 280 In this study, a total of 245 RNA editing sites and 819 RNA editing events were identified in 281 4 developmental paths. The RNA editome in developmental paths differentiation of C. 282 cinerea is strongly different from those Ascomycetes fungi. The majority of RNA editing 283 events had editing levels < 20 % (Fig. 7a) , and the editing level remained constant and 284 relatively low ( Fig. 7b) . T-to-C substitution took up over 55 % of the editing events ( Fig. 7c ). 285 107, 111, 101 and 171 editing sites were detected in mycelium, hyphal knot, oidia and 286 sclerotia, respectively (Fig. 7d ). In C. cinerea, 44.1 % the RNA editing sites were annotated 287 to the intergenic region and only 30.4 % are in the coding sequence (CDS, Fig. 7e ). RNA 288 editing events tend to appear on genes that are evolutionarily old and under strong purifying 289 selection (Fig. S6 ).
290
To validate the RNA editing events, a selection of candidate sites was chosen to be amplified RNA-seq results ( Fig. 7f and Table S2 ). Single sequencing signal peak was observed in DNA 295 and predicted unedited samples. This editing site is on a hypothetical protein (CC1G_15451), 296 and it is a synonymous variant on the transcript that codes alanine.
297
Potential impact of RNA editing on gene expression regulation 298 RNA editing site-containing genes were grouped according to their editing impact annotation 299 and performed KOG enrichment analysis (Fig. S7) unpublished data). Among 48 editing sites that locate in 3' UTR, 18 of them were predicted 311 to interact with the known milRNA ( Table 2 ). The T-to-C editing event at 3' UTR of thiamine As a model mushroom-forming fungus, fruiting process of C. cinerea is well studied 319 physiologically and genetically. In this study, we monitor the early developmental process of 320 three destinies, fruiting, oidiation and sclerotia formation, with the reference of vegetative reveals the origin and selection of dispersal and survival strategies of C. cinerea (Fig. 8) .
326
Fruiting plays a pivotal role in fungal life cycle and attracts research attention (17, 51, 52) .
327
But we also need to know the role of oidiation and sclerotia formation in optimizing the 328 dispersal and survival fitness of fungi under divergent environmental conditions (53). In this 329 study, the most optimal to the most stressful environment for fungal development are ranked 330 as the incubation conditions of oidiation, vegetative growth, fruiting and sclerotia formation. cinerea. Oidiation appears in highly favorable environment, genes express in this process are 358 mainly those common to all eukaryotes and they are under strong purifying selection.
359
Regulation on gene expression ensure the unspecified process of oidia formation to be 360 18 performed accurately and sufficiently. Vegetative mycelium grows in changeable 361 environment and it is in charge of primary occupation of new habitat. The Agaricales-specific 362 and species unique genes are very likely to benefit the fungus on niche segmentation and 363 adapting to the complex and changing environment during vegetative growth (38, 67, 68) .
364
High expression on species-specific genes and relative lower selective pressure of purifying 365 selection enable mycelium to minimize the interspecific competition and improve fitness 366 (69). Hyphal knots display similar transcriptome age as vegetative mycelium, but the former 367 has higher transcriptome divergence. These indicate that the developmental process of 368 fruiting body is relatively conserved, but genes of specific biological functions got diversity 369 across genus (17, 48) . Sclerotia function as the persistent resting structure which would need 370 to suffer the extreme stressful environment (58). The relative old transcriptome age and 371 strong purifying selection force of sclerotia suggest the common demand of overcoming 372 stress and the importance of keeping such function in the genome for fungal species (70-72).
373
The expression profile with phylostrata also indicates that the sclerotia formation process is 374 highly divergent and with little similarity among different fungi (58, 70, 72) .
375
As a special kind of transcriptional modification, RNA editing has been widely found in all 376 domains of life and showed significant impacts on diverging the transcriptome and proteome 377 (73-76). In fungi, developmentally regulated for sexual reproduction and evolutionarily 378 conserved across genus are two main patterns of RNA editing events (35, 37, 38) . Our results
379
show that RNA editing not only occurs in fruiting, but also other developmental paths.
380
Similar to the stage-specific and substrate-specific RNA editing studies on basidiomycetes, 381 editing events in C. cinerea regulate the genes in carbohydrate metabolism and cell structure 382 19 formation (37, 38). All these results emphasize the functional similarity of RNA editing in 383 regulating carbohydrate metabolism, and further, the essential role of carbon metabolism in 384 fungal development. RNA editing show preference on genes that are old and under high 385 purifying selection, revealing the special roles of RNA editing on providing plasticity to the 386 transcriptome (34).
387
The profile of RNA editome of C. cinerea is similar to the previous studies in 388 basidiomycetes, showing weak A-to-I editing preference (37, 38, 77) . However, the number 389 of called RNA editing events is significantly less. Moreover, compare to a basidiomycetes G. 390 lucidum and two ascomycetes, F. graminearum and N. crassa, that over 60 % of the RNA 391 editing sites are predicted to be in the CDS (35, 37, 78) , only around 30 % of the RNA editing 392 sites are in CDS in C. cinerea. Despite the differences of species from distant order, we refer 393 that the low editing density is caused by the usage of a homokaryotic strain, also by the much 394 stricter filtering parameters. In addition, we resequenced the genome of strain #326 as a 395 reference to exclude false positive events introduced by inaccuracy in genome assembly and 396 genome variants. We have blast out 3 adenosine deaminases acting on tRNA (ADATs) 397 homologs in the genome, but no adenosine deaminases acting on RNA (ADARs) homolog 398 (37, 78). The mechanism of RNA editing in C. cinerea remains unknown.
399
Conclusions 400
Responding to the environmental conditions, C. cinerea follows different developmental 401 paths including vegetative growth, oidiation, fruiting and sclerotia formation. In these paths, 402 genes are differentially expressed and RNA editing occurred. Carbohydrate metabolism is 403 strictly regulated and differs dramatically. Glycogen is produced as storage carbon source to 404 20 provide energy in the early developmental stages. Stored glycogen is converted into beta-405 glucan during fruiting or sclerotia formation. Carbon metabolic flux is regulated to fulfill the 406 demands of short-term usage and long-term survival adapting to the specific environmental 407 conditions. Phylotranscriptomic analysis showed that oidiation happens in favorable 408 environments, and has the oldest transcriptome age and the lowest transcriptome divergence.
409
Developmental paths of fruiting and sclerotia formation that occur in stress environments 410 have evolutionarily younger genes expressed, and display younger transcriptome age and 411 higher transcriptome divergence. Editome analysis showed that RNA editing occurs in all 412 developmental paths and is developmentally regulated. RNA editing appears to regulate 413 carbohydrate metabolism genes at both transcriptional and post-transcriptional levels. These 414 events provide more plasticity to the transcriptome and show preferences on conserved genes.
415
In short, the differentiation of developmental paths in C. cinerea is regulated transcriptionally 416 and post-transcriptionally, with major changes in carbon metabolic flux. The homokaryotic fruiting strain C. cinerea #326 (A43mut B43mut pab1-1) was grown at 420 37 °C on solid YMG medium for 5 days before reaching the edge of the 90 mm petri dish to 421 obtain the working stock plates. Culture condition, growth rate measurement, and sample 422 collection for carbohydrate content determination and RNA sequencing are described in 423 supplementary methods (Text S1). Table 1 . RNA editing events result in splicing variants and transcript length variants. Table S1 . 
